Introduction before translation is completed. The alternative explanation that Hac1p u is synthesized but immediately deIn eukaryotic cells, secreted and membrane-bound proteins are folded and assembled in the endoplasmic reticgraded seems unlikely given that Hac1p u can be produced in yeast cells from intronless constructs and has ulum (ER). The protein-folding capacity of the ER is adaptable: when the capacity of the ER is exceeded a half-life similar to that of Hac1p i (t 1/2 Х 2 min; Kawahara et al., 1997; Chapman and Walter, 1997). and, as a result, unfolded proteins accumulate in the ER, an intracellular signaling pathway, the unfolded protein Here, we show that the HAC1 mRNA intron represses translation of HAC1 u mRNA in vivo and in vitro by base response (UPR), is induced. The UPR leads to the increased synthesis of ER-resident proteins required for pairing with the HAC1 5ЈUTR. We find that the cytoplasmic pool of HAC1 u mRNA is not a dead-end product protein folding as well as many other components of the secretory pathway (Travers et al., 2000) , thus enbut a substrate for the splicing reaction, indicating that splicing occurs in the cytoplasm on polyribosomes. The abling the cell to cope with the increased load of unfolded proteins in the ER (reviewed in Kaufman, 1999;  finding that HAC1 u mRNA is polyribosome associated, yet no protein is synthesized, parallels findings for the Mori The constructs used in those studies contained not only the heterologous globin mRNA (compare the normalized fluorescence of glo·GFP·int with that of glo·GFP·act). the HAC1 intron but also the HAC1 promoter and the HAC1 5ЈUTR followed by a small portion of the Hac1p
We therefore conclude that both the HAC1 5ЈUTR and intron are required for translation attenuation and that N terminus fused to GFP. To determine whether any elements in addition to the intron are necessary for they act synergistically. We next asked whether translation attenuation can translation attenuation, we expressed GFP (carrying no extra sequences) from a heterologous promoter with be reconstituted in vitro in yeast translation extracts. We made four constructs similar to the GFP constructs 5ЈUTR sequences derived either from HAC1 or from Xenopus ␤-globin mRNA. For each 5ЈUTR, we made described above but encoding HA-tagged Hac1p u (HAHac1p u ). After in vitro transcription, we incubated equal constructs that contained or lacked the HAC1 intron. Our convention for naming constructs is as follows: the amounts of capped mRNAs in nuclease-treated yeast in vitro translation extracts in the presence of [ 35 S]methifirst three letters stand for the origin of the 5ЈUTR (i.e., "hac" for the HAC1 5ЈUTR and "glo" for the globin onine and analyzed the products by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by au-5ЈUTR), the next three letters stand for the open reading frame (ORF) (i.e., "GFP" and "HAC" for Hac1p u ), and the toradiography ( Figure 2A ). As equal amounts of mRNA were added to each reaction, the amount of HA-Hac1p u last three letters for the sequences 3Ј of the ORF (i.e., "hac" for the HAC1 u 3ЈUTR, "int" for the HAC1 intron synthesized is a measure of the translation efficiency of each construct. followed by the ACT1 3ЈUTR, and "act" for the ACT1 3ЈUTR).
HA-Hac1p u has a predicted molecular mass of 27 kDa but migrates abnormally slowly on SDS-polyacrylamide In agreement with previous results, cells showed only little fluorescence above background if they expressed gels (Kawahara et al., 1997). In addition to the primary translation product ( compare hac·HAC·hac with hac·HAC·act). This effect was robust: a 5-to 6-fold stimulation was observed over (Table 1) . From these data, we calculated the fluorescence of each strain relative to the amount of GFP mRNA a wide range of mRNA concentrations and over the whole linear period of a time course experiment, and it and found that the intron repressed GFP expression 8-fold if the 5ЈUTR was from HAC1 (compare the normalwas unaffected by heat denaturation followed by snap cooling of the mRNAs prior to addition to the extracts ized fluorescence of hac·GFP·int with that of hac·GFP· act) but had only a minor effect if the 5ЈUTR was from (data not shown). In vitro, translation from the globin 5ЈUTR was 2-fold less efficient than translation from lane 9 or 13) but had no effect on the translation of hac·HAC·act ( Figure 2C , compare lanes 12 and 13 with the HAC1 5ЈUTR ( Figure 4B ). These data suggest lanes 5 and 6 in the enlargement), which is not surprising that the base pairing of the HAC1 5ЈUTR and intron given that these cells contained comparable amounts of HA-HAC1 u and HA-HAC1 i mRNA and that the mutant diminishes ribosome loading onto HAC1 u mRNA. forms of HA-HAC1 u mRNA were efficiently translated in Moreover, the data also underscore a previously uninduced cells. raised paradox: if 58% of wild-type HAC1 u mRNA was For all strains, the differences in protein levels correindeed translated as the polyribosome profile in Figure  lated with 
Western blot analysis. in mutant uninduced cells was 5-fold lower than that of
To provide independent evidence that the portion of Hac1p i in wild-type UPR-induced cells as determined by HAC1 u mRNA sedimenting as high-molecular-mass quantitative Western blot analysis with a radio-iodinated complexes is indeed ribosome associated, we detersecondary antibody (data not shown), and the mRNA mined whether HAC1 u mRNA coprofiles with the UV ablevel in mutant cells was 6-fold lower than that in wildsorbance reflective of the position of mRNAs associated type cells (Figure 3B , compare lane 3 with lane 2). Qualiwith one ribosome, two ribosomes, etc. To this end, we tatively, these conclusions are confirmed by the Western collected many small fractions from the middle of a blot analysis shown in Figure 3D : to give an approxigradient and determined the presence of HAC1 u mRNA mately equal ECL signal intensity, we needed to load by Northern blot analysis. As shown in Figure 4C , the 4-to 8-fold more total protein per gel lane from the distribution of HAC1 u mRNA is discontinuous, with mutant than from the wild-type strain (compare lane 1 peaks and valleys precisely following the position of with lanes 2 and 3).
ribosomes. Thus, taken together, the data presented so far argue Taken together, the data show that HAC1 u mRNA is asthat the HAC1 5ЈUTR interacts with the HAC1 intron by base pairing and that this interaction is the primary, if sociated with ribosomes that are not actively translating. u mRNA might be translated to produce Hac1p u in response to some unknown physiological stimulus that leads to disruption of the base pairing of the 5ЈUTR and intron, thus allowing translation. An alternative and not mutually exclusive possible function for the cytoplasmic pool of HAC1 u mRNA is that it is the precursor of spliced HAC1 i mRNA. To address this latter scenario experimentally, we determined whether HAC1 u mRNA could be spliced after transcription was inhibited. To this end, we took advantage of a temperature-sensitive allele of the largest subunit of RNA polymerase II (rpb1-1), which allowed us to shut off transcription by shifting the cells to the nonpermissive temperature of 37ЊC (Nonet et al., 1987) . In the experiment shown in Figure 5A , we induced the UPR by the addition of DTT 10, 20, and 40 min after a shift to 37ЊC and followed the effect of the DTT treatment on HAC1 mRNA by Northern blot in a time course experiment. HAC1 u mRNA decayed with a t 1/2 of ‫52ف‬ min while, as expected, the levels of the RNA polymerase III transcript SCR1 RNA remained unchanged (data not shown). Upon addition of DTT, HAC1 u mRNA was efficiently spliced (50%-65% splicing within 5 min). Most importantly, splicing efficiency did not diminish appreciably when the UPR was induced as much as 40 min after the transcriptional block. Thus, splicing was still efficient even after almost two half-lives of the mRNA had passed and any transient nuclear pool of freshly transcribed mRNA should have been depleted by export to the cytoplasm. Given that in situ hybridization experiments showed that HAC1 u mRNA is primarily localized in the DTT (data not shown). We reasoned that, as a consequence of inhibition of protein synthesis by cycloheximide, the ER may be depleted of proteins since no promRNAs, subsequent addition of DTT was now able to teins are imported into the ER but export into the induce the UPR. secretory pathway continues. Addition of the reducing We therefore used this extended experimental protoagent DTT would therefore fail to induce the UPR after col to assess whether polyribosome-associated HAC1 cycloheximide pretreatment. To alleviate this problem, mRNA is a substrate for the splicing reaction. To this we took advantage of a temperature-sensitive allele of end, we induced the UPR with DTT sec12-1 cells that SEC12, which is required for vesicle transport from the were first shifted to 37ЊC for 2 min and then cyclohexi-ER to the Golgi (Oka et al., 1991; Novick et al., 1980) . mide-treated to freeze polyribosomes ( Figure 5B) . We When the sec12-1 cells were first shifted to the nonperthen fractionated, on sucrose gradients, cell extracts missive temperature, at which protein export from the prepared at different times after DTT addition and ana-ER into the secretory pathway is blocked, and then treated with cycloheximide to freeze ribosomes on lyzed fractions by Northern blot. As expected, in the absence of DTT, polyribosome-associated HAC1 is unspliced ("HAC1 u ", Figure 5B , top). In contrast, as a function of time after DTT addition, increasing amounts of spliced HAC1 i mRNA were produced ( Figure 5B , lower panels). Importantly, virtually all spliced HAC1 i mRNA produced in the presence of cycloheximide was polyribosome associated, thus supporting the notion that cytoplasmic, polyribosome assciated HAC1 u mRNA can be spliced.
Discussion
We have demonstrated both in vitro and in vivo that a long-range base pairing interaction between the HAC1 mRNA intron and 5ЈUTR is required for attenuation of translation of unspliced HAC1 u mRNA. In particular, we have shown that upon disruption of the interaction by mutation, Hac1p u is synthesized from the unspliced mRNA with approximately the same efficiency as Hac1p i from the spliced mRNA. Thus, base pairing between the HAC1 mRNA intron and 5ЈUTR is key to preventing Hac1p from being synthesized unless the intron is removed by splicing upon accumulation of unfolded proteins in the ER. In agreement with previous studies, we found a large portion of the cellular HAC1 u mRNA engaged in polyribosomes, which, we propose, must be translationally arrested, as no Hac1p u can be detected in these cells. Moreover, we show that splicing does not require de novo transcription and that polyribosomeassociated HAC1 u mRNA is a substrate for splicing in vivo. Taken together with the observation that the cellular pool of HAC1 u mRNA has been localized to the cyto- tion is formed, it might not only inhibit the loading of new ribosomes but also stall and trap those ribosomes The accumulation of HAC1 u mRNA on polyribosomes is puzzling, however, in light of the fact that the proposed that are already engaged on the mRNA, possibly through inducing the formation of tight secondary and tertiary translational regulation through the long-range basepairing interaction involves the 5ЈUTR: as small ribostructural elements that the ribosomes cannot traverse. The notion that the high-molecular-mass complexes somal subunits have to traverse the 5ЈUTR to reach the start codon, one would expect a base-pairing interaction with which HAC1 u mRNA is associated are indeed polyribosomes is strongly supported by the coprofiling exinvolving the 5ЈUTR to inhibit ribosome loading. Strong secondary structure elements or proteins bound to the periment shown in Figure 4C . Moreover, as has been shown previously, a large portion of HA-HAC1 u mRNA 5ЈUTR are known to inhibit initiation of other mRNAs can be immunoprecipitated with antibodies directed nism. tRNA ligase has been localized to the nucleus against the HA epitope, indicating that each of these but, upon overexpression, was also detectable in the mRNAs contains at least one functionally engaged ribocytoplasm (Clark and Abelson, 1987) . It is therefore likely some displaying the N terminus of HA-Hac1p u (Chapman that a sufficient amount of tRNA ligase is constitutively and Walter, 1997). However, in addition to the polyribolocated in the cytoplasm or that tRNA ligase shuttles some-associated pool, we also isolated HAC1 u mRNA between the two compartments. Cytoplasmic splicing in a ribosome-free form ( Figure 4A) . What is the origin of polyribosome-associated HAC1 u mRNA thus is a of the two HAC1 u mRNA pools? plausible mechanism, although we cannot rule out that Since no significant nuclear pool of HAC1 u mRNA was nuclear splicing of newly transcribed mRNA can also detected by in situ hybridization (Chapman and Walter, occur. Ribosomes that are preinitiated and stalled on 1997), both the ribosome-free and the polyribosome-HAC1 u mRNA could finish translation after the intron is associated pool of may therefore be essential to keep HAC1 u mRNA in a fully splicing-competent state. the cytoplasm is consistent with a cytoplasmic mecha-
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